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The feline thymus is a target organ and site of viral replication during the acute stage of feline immuno-
deficiency virus (FIV) infection. This was demonstrated by histologic, immunohistologic, flow cytometric, and
virologic tests. Thymic lesions developed after 28 days postinoculation (p.i.) and included thymitis, premature
cortical involution, and medullary B-cell hyperplasia with germinal center formation and epithelial distortion.
Alterations in thymocyte subsets also developed. Fewer CD4* CD8™ cells were detected at 28 days p.i., while
an increase in CD4~ CD8™ cells resulted in an inversion of the thymic CD4/CDS8 ratio of single-positive cells,
similar to events in peripheral blood. Provirus was present in all thymocyte subpopulations including cortical
CD1™, CD1", and B cells. The CD1™ thymocyte proviral burden increased markedly after 56 days p.i.,
coincident with the presence of infiltrating inflammatory cells. Increased levels of provirus in the CD1'
thymocyte subpopulation were detected prior to 56 days p.i. This was likely due to inclusion of infected
infiltrating inflammatory cells which could not be differentiated from mature, medullary thymocytes. Proviral
levels in B cells also increased from 70 days p.i. Morphologic alterations, productive viral infection, and altered
thymocyte subpopulations suggest that thymic function is compromised, thus contributing to the inability of

FIV-infected cats to replenish the peripheral T-cell pool.

Human immunodeficiency virus type 1 (HIV-1) infection is
characterized by progressive depletion and qualitative dysfunc-
tion of peripheral CD4 T cells (27). In adult HIV-1 infection,
thymic infection resulting in loss of residual thymic function
may explain the lack of restoration or dysfunction of peripheral
CD4 T cells, despite antiretroviral therapy (27). HIV-1 infec-
tion of the thymus is also believed to play a major role in the
immunopathogenesis of pediatric AIDS. Involvement of the
thymus in pediatric HIV-1 infection is suggested by rapid pro-
gression (12), abnormal peripheral T-lymphocyte subset devel-
opment (16), and pronounced thymic lesions. Thymic lesions
described for pediatric AIDS patients include severe thymic
involution, HIV-1 infection of thymocytes, and selective deple-
tion of CD4* CD8" and CD4" CD8~ thymocytes (22, 26).

Although thymic involvement is thought to play an impor-
tant role in pediatric AIDS, it has been difficult to prospec-
tively or sequentially study thymic lesions in infants and chil-
dren due to ethical and logistic limitations. Furthermore,
thymic lesions in macaques experimentally infected with sim-
ian immunodeficiency virus (SIV) are not consistently reported
during the acute stage of infection (13, 14, 18-20), although
severe thymic involution (13, 19) is seen in the later stages of
infection. The development of B-cell follicles as a component
of the thymic lesion also occurs in both HIV-1 (3) and SIV (15)
infection, although the presence of other viral infections in SIV
has made these lesions difficult to interpret. However, docu-
mented similarities in clinical syndrome and pathogenesis be-
tween HIV-1 and acute feline immunodeficiency virus (FIV)
infection (1, 2, 10, 11, 23) suggest that FIV may be an appro-
priate model of disease. FIV infection of juvenile cats was
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therefore employed in this study to further examine lentivirus-
induced thymic dysfunction.

We have previously reported thymic lesions in juvenile cats
experimentally infected with FIV (2). However, this time
course study was undertaken to investigate the pathogenesis of
these lesions. In addition, viral thymocyte targets were deter-
mined and thymus function was indirectly assessed by exami-
nation of thymocyte subpopulations in conjunction with pe-
ripheral blood T-cell events. Our findings indicate that the
thymus is a site of viral replication in acute FIV infection.
Severe structural and inflammatory changes and altered thy-
mocyte subsets suggest that FIV infection reduced the ability
of the thymus to replenish the peripheral T-cell pool. This
likely contributed to peripheral T-cell lymphocytopenia. The
thymus therefore plays a crucial role in the immunopathogen-
esis of FIV, particularly in juvenile cats.

MATERIALS AND METHODS

Experimental design. Specific-pathogen-free cats at 3 to 4 months of age were
obtained from the breeding colony of the Feline Nutrition Laboratory, Univer-
sity of California, Davis. Sixteen cats were inoculated with FIV by intraperitoneal
injection with 1 ml of whole heparinized blood from cat 5000 (chronically in-
fected with the FIV-Petaluma biologic isolate) as described elsewhere (10). Two
FIV-infected cats were killed at each of the following time points: 14, 28, 42, 56,
70, 84, 96, and 140 days postinfection. Age-matched control cats were killed at
days 0, 56, 70, 84, and 140 of the study. This design therefore mapped develop-
ment of the thymic lesion from the acute phase (weeks 0 to 15) to the early
asymptomatic stage (weeks 16 to 20) of FIV infection. Age-matched control
animals were required to account for age-related thymic involution, which com-
mences around 6 to 8 months of age.

Animals and tissues. Peripheral blood was collected from each animal into
tubes containing EDTA as an anticoagulant every second week and prior to
euthanasia. Complete blood counts and leukocyte differential counts were per-
formed by standard techniques (1). Peripheral blood CD4 and CD8 T-lympho-
cyte counts were performed on each blood sample by flow cytometry as described
elsewhere (8). Virus isolation from plasma was performed by coculture of plasma
with uninfected cat peripheral blood mononuclear cells as described previously
(25). Culture supernatants were tested for FIV core protein by enzyme-linked
immunosorbent assay as described previously (7). Serum antibodies to FIV were
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TABLE 1. MAbs which recognize feline leukocyte antigens
Antigen MAD Features

CD1 Fel.5F4 (IgG1) 49-kDa B2 microglobulin-associated molecule expressed by cortical thymocytes
and medullary dendritic antigen-presenting cells

CD4 Fel.7B12 (IgG1) 60-kDa glycoprotein expressed by immature cortical thymocytes, a subpopula-
tion of mature medullary thymocytes, and a helper-inducer T-cell subpopu-
lation in peripheral blood

CD8 Fel.10E9 (IgG1) 28- to 32-kDa heterodimer expressed by immature cortical thymocytes, a sub-
population of mature medullary thymocytes, and a cytotoxic-suppressor T-
cell subpopulation in peripheral blood

CD21 Fe2.8F9 (IgG1) 145- to 160-kDa antigen expressed by a B-lymphocyte subpopulation in periph-
eral blood, B cells in lymphoid follicles, and germinal center follicular den-
dritic cells in peripheral tissues

CD22 Fe2.9F2 (IgG1) 135-kDa antigen expressed by a B-lymphocyte subpopulation in peripheral

Cytokeratins 8, 18, and 19 5D3 (IgG1) (BioGenex)

blood and B cells within lymphoid follicles in peripheral lymphoid tissues

Stains cortical thymocyte epithelial network but has reduced expression on

medullary thymocyte epithelium

detected by enzyme-linked immunosorbent assay as previously described (10).
After sedation with ketamine HCI (Boehringer Ingelheim Corp., St. Joseph,
Mo.), cats were killed by intracardiac injection of 10 ml of saturated KCI solu-
tion. At necropsy, the thymus was weighed and measured. Pieces of thymic tissue
(3 to 5 mm) were either fixed in 10% buffered formalin prior to paraffin embed-
ding for routine histopathology or embedded in OCT compound (Tissue-Tek;
Sakura Finetek USA, Torrance, Calif.) before snap freezing in liquid N,-cooled
isopentane (Fisher Scientific, Pittsburgh, Pa.). The remaining fresh tissue was
minced to generate a single-cell suspension of thymocytes. Cells were washed in
RPMI 1640 (Mediatech; Fisher Scientific) with 10% horse serum and 0.1%
sodium azide and filtered twice through cotton gauze to remove connective tissue
and cell debris. Thymocyte aggregation was inhibited by adding 100 U of DNase
I (Calbiochem, San Diego, Calif.) per 5 X 107 thymocytes.

Monoclonal antibodies (MAbs) and reagents. A panel of MAbs specific for
feline leukocyte antigens (Table 1) was used to label cells for immunohistology,
immunofluorescence, flow cytometric analysis, and paramagnetic bead enrich-
ment of thymocyte subpopulations. A cytokeratin MAb (5D3; BioGenex, San
Ramon, Calif.), specific for cytokeratins 8, 18, and 19, was used to examine the
thymic epithelium. Antibodies were generally used as tissue culture fluid (TCF)
at a 1:10 dilution for tissue staining and used undiluted for flow cytometry and
magnetic bead enrichment. Antibody conjugates were generated for multiple-
label immunofluorescence and flow cytometry experiments as described previ-
ously (30). The CD4 MAb (Fel.7B12) was fluorescein isothiocyanate (FITC)
conjugated, the CD8 MAb (Fel.10E9) was R-phycoerythrin (RPE) conjugated,
and CD1 (Fel.5F4) and CD22 (Fe2.9F2) MAbs were biotinylated. Biotinylation
of the CD1 MAb permitted the use of the tandem dye streptavidin-RPE-CY5
(Southern Biotechnology, Birmingham, Ala.) in conjunction with the other two
fluorochromes for triple-label flow cytometry. The same biotinylated reagents
were also utilized for dual-label immunofluorescence in addition to the biotin-
conjugated CD4 MAb (Fe1.7B12). Custom conjugation of 1 mg of CD1-specific
immunoglobulin G1 (IgG1) to paramagnetic microbeads (Miltenyi Biotec, Au-
burn, Calif.) enabled magnetic bead enrichment of cortical CD1" thymocytes.
Goat anti-mouse IgG microbeads (Miltenyi Biotec) were also used in conjunc-
tion with CD21- and CD22-specific TCF for enrichment of B cells from the
thymocyte pool.

Immunohistology. Frozen OCT-embedded thymus tissues were sectioned, and
6-pm thin sections were collected onto poly-L-lysine (Sigma Chemical Co., St.
Louis, Mo.)-coated slides. Sections were stained by the avidin-biotin-peroxidase
complex technique or by indirect immunofluorescence as previously described
(17). Undiluted TCF of the appropriate antibody was applied to sections of
thymus. An irrelevant mouse myeloma (IgG1) served as a negative control.
Double-label immunofluorescence was performed by incubating thymic tissues
with TCF specific for CD1, CDS8, or cytokeratin followed by horse anti-mouse
IgG Texas red (Vector Laboratories, Burlingame, Calif.). An intermediate block-
ing step with an irrelevant mouse IgG1 ascitic fluid was performed before a
second incubation with a biotinylated antibody specific for either CD4, CD8, or
CD22 followed by goat antibiotin FITC-conjugated antibody (Vector Laborato-
ries). A dual-channel immunofluorescent filter system (Chroma, Brattleboro,
Vt.; part no. 51006) permitted viewing of Texas red and FITC emission signals
simultaneously.

Flow cytometry. Thymocytes were labeled with MAb TCF followed by horse
anti-mouse FITC-conjugated antibody (Vector Laboratories) as described pre-
viously (17). An irrelevant mouse myeloma (IgG1) TCF served as a negative
control. For double- and triple-label experiments, similar cell preparations were
incubated with titered amounts of directly conjugated antibodies (CD4-FITC,
CD8-RPE, and CD1-biotin). For three-color experiments, the biotin-stained cell
preparations were subsequently incubated with the tandem dye streptavidin-
RPE/CY5. Stained cells were analyzed with a FACScan analytical cytometer

(Becton Dickinson, San Jose, Calif.) equipped with Lysis II software (Becton
Dickinson).

Magnetic bead enrichment. Enrichment of immature CD1™ thymocytes was
achieved by using CD1 custom-conjugated paramagnetic microbeads (Miltenyi
Biotec) as per the manufacturer’s recommendation. After incubation with 25 wl
of conjugated microbeads, 5 X 107 thymocytes were passed through a 30-um-
pore-size preseparation filter (Miltenyi Biotec) and an MS MACS separation
column (Miltenyi Biotec) attached to a MiniMACS magnet (Miltenyi Biotec).
Cells retained by the column (CD1") were eluted. Cells which passed through
the column (CD1'°) were subjected to further enrichment for CD21 and CD22
cells. The unretarded fraction (CD1'°) was subsequently incubated with a com-
bination of 100 wl each of CD21- and CD22-specific TCF for 15 min. After
washing, cells were incubated with 100 pl of goat anti-mouse IgG1 microbeads
(Miltenyi Biotec) before being passed a second time through a preseparation
filter and an MS MACS separation column. Cells which passed through the
column were mature thymocytes with a single-positive CD4 or CDS8 phenotype
(CD1'). Cells retained by the column were B cells. All fractions, including
CD1M, CD1', and B-cell fractions, were analyzed for the degree of enrichment
by flow cytometry. The degree of enrichment was calculated for CD1" fractions
as a percentage of cells within the population with high-density CD1 antigen
expression. The percent purity of the CD1!° fraction was calculated as a per-
centage of cells within the population with intermediate to low expression of
CD1.

Nucleic acid isolation. Nucleic acid was isolated from pieces of thymus and
enriched CD1", CD1', and B-cell thymocyte subpopulations. A single-cell sus-
pension from thymus was generated with a Cellector (Bellco Glass Inc., Vine-
land, N.J.). Cells from either whole thymus or paramagnetic-bead-enriched thy-
mocyte subpopulations were pelleted by centrifugation at 1,000 X g, resuspended
in Tri reagent (5 X 10° cells/ml) (Molecular Research Center, Cincinnati, Ohio),
and stored at —70°C prior to DNA and RNA extraction. Samples were processed
to extract DNA and RNA as per the manufacturer’s directions with minor
modifications. Briefly, 0.2 volume of chloroform was added to the cell pellet
before centrifugation at 12,000 X g to obtain a phase separation. After collection
of the aqueous and organic phases, 0.5 volume of isopropanol and 0.05 volume
of RNA Tack resin (Biotecx, Houston, Tex.) were added to the aqueous phase
containing the RNA. The resin-bound RNA was pelleted and washed twice with
70% ethanol. RNA was subsequently eluted in 0.1 volume of diethyl pyrocar-
bonate-treated water. Samples were incubated with 40 U of RNase-free DNase
(Boehringer Mannheim, Indianapolis, Ind.) and 20 U of RNasin (Promega Inc.,
Madison, Wis.) at 37°C for 60 min and then at 95°C for 5 min. The RNA
concentration was determined spectrophotometrically (A4,¢,) (Genquant II;
Pharmacia, Uppsala, Sweden). DNA was precipitated from the organic phase by
adding 0.3 volume of 100% ethanol. After sedimentation by centrifugation at
2,000 X g, the DNA pellet was washed twice with 75% ethanol, dried under
vacuum, and then dissolved in 8 mM NaOH. The DNA concentration was also
determined spectrophotometrically (A,40).

Nested FIV-gag PCR. Seminested PCR of proviral DNA was performed as
previously described (23). PCR was performed on 1 ug of DNA with primers
specific for the FIV gag gene sequence (primers NP37 and NP38 in the first
round and NP38 and NP39 in the second round) (24). Two PCR rounds were
performed in a BioOven III thermal cycler (BioTherm Corp., Fairfax, Va.). Each
round consisted of 35 cycles (30 s of template denaturation at 94°C, 30 s of
primer annealing at 55°C, and 45 s of primer extension at 72°C). PCR products
were analyzed by electrophoresis through a 2% agarose—1X Tris-acetate—EDTA
electrophoresis buffer followed by ethidium bromide staining.

FIV RT-PCR. One microgram of RNA was reverse transcribed with a reverse
transcription (RT) kit (Promega). An FIV-gag-specific primer (NP38) was used
for RT. The reaction mixture was incubated for 60 min at 42°C followed by 5 min
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at 95°C. Samples were subsequently subjected to PCR with seminested gag
primers as described above. Parallel samples were processed without reverse
transcriptase to ensure that contaminating proviral DNA was not present in the
extracted RNA.

FIV quantitative competitive (QC)-PCR. A competitive template was gener-
ated with a PCR MIMIC construction kit (Clontech Laboratories, Inc., Palo
Alto, Calif.). Primers NP37 and NP38 were added to the MIMIC to generate a
423-bp template product after PCR in comparison to a native 466-bp FIV
proviral DNA product. A standard curve was generated by performing PCR on
a series of samples containing 10-fold dilutions of native template (10" to 107
molecules) with a constant amount (10* molecules) of competitor (FIV-MIMIC)
(31). The same number of molecules of FIV-MIMIC was also added to 1 pg of
DNA isolated from thymus samples as described above. A single round of PCR
consisting of 35 cycles (30 s of template denaturation at 96°C, 30 s of primer
annealing at 55°C, and 45 s of primer extension at 72°C) was performed in a
BioOven III thermal cycler. PCR products were analyzed by electrophoresis
through 3% Metaphor agarose (FMC Bioproducts, Rockland, Maine)-1X Tris-
acetate-EDTA electrophoresis buffer followed by ethidium bromide staining.
Band intensities were determined with a Fotodyne Eclipse system with Collage
software (Fotodyne Inc., Hartland, Wis.). A standard curve was generated by
plotting the log ratio of native to MIMIC band intensities (abscissa) versus the
log native molecule number (ordinate) of the standard curve samples (31). A
linear regression provided a formula from which the number of FIV gag mole-
cules in unknown samples was calculated. Samples used to generate the standard
curve and unknown samples were always processed simultaneously such that
each PCR series had its own standard curve.

Statistical analysis. Results from flow cytometric analyses of both peripheral
blood CD4/CD8 T-cell ratio and thymocytes were subjected to regression anal-
ysis. For each time point, nonsimultaneous 95% confidence intervals were cal-
culated. Significant differences between FIV-inoculated and noninfected control
cats were declared where upper and lower confidence intervals of each group,
respectively, for each time point, failed to overlap.

RESULTS

Peripheral hematologic changes. Hematologic changes, in-
cluding lymphopenia and neutropenia, which developed from
42 days postinoculation (p.i.), were similar to those previously
described (2, 10) and consistent with changes described for this
Petaluma strain of FIV. The peripheral CD4/CDS8 T-cell ratio
decreased significantly (P < 0.05) from 42 days p.i. in FIV-
infected cats and continued to decline throughout the study
(Fig. 1A). This was associated with the decline in peripheral
CD4 T cells (Fig. 1B), as peripheral CD8 T cells remained
constant throughout the study (Fig. 1C). Virus was isolated
from plasma from 14 days p.i. and was present thereafter
throughout the study. Serum antibodies were detected in 15 of
16 FIV-inoculated animals by 14 days p.i. One cat (cat 94009)
was excluded from the study due to its failure to seroconvert or
to demonstrate viral infection of peripheral blood or thymic
tissue.

Thymic morphology. Gross lesions of the thymus were not
apparent. Thymic weight among noninfected control cats var-
ied with age. In control cats, the highest weight was recorded
at day 84. The decreased thymic weight in control cats re-
corded at day 140 was attributed to age-associated involution.
By contrast, the thymic weight of FIV-infected cats remained
low throughout the period of the study. Those thymuses ex-
amined at days 70 and 140 p.i. were markedly smaller than
those of the age-matched control cats. Thymic weights for
FIV-infected cats were highest at 84 to 96 days p.i., coinciding
with the period of maximum B-cell infiltration (Fig. 2). An
exception was observed in one animal (cat 5268) at 84 days p.i.,
at which B-cell infiltration and severe cortical involution oc-
curred (Table 2).

Histologically, thymic lesions were initially detected in one
of two cats killed at 28 days p.i. However, by 42 days p.i.,
FIV-infected animals consistently exhibited similar thymic le-
sions characterized by thymitis, cortical involution, and med-
ullary lymphoid follicular hyperplasia with germinal center for-
mation. Thymitis, manifested by interlobular infiltration of
lymphocytes, was present at 28 days p.i. Thymitis and en-
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FIG. 1. Time course of peripheral blood lymphocyte events in FIV-infected
and noninfected control cats. (Each point represents the mean value of all
surviving animals at that time point and includes those killed at that time point
according to the schedule described for the experimental design.) (A) Peripheral
CD4/CDS8 T-cell ratio in FIV-infected and noninfected control cats. A significant
decrease in CD4/CD8 T-cell ratio was detected from 42 days p.i. in FIV-infected
cats (*, P < 0.05). (B) Absolute values of peripheral CD4 T lymphocytes in
FIV-infected cats demonstrate a decline in peripheral CD4 T cells during the
course of infection relative to noninfected control cats. A significant decrease
in peripheral CD4 T cells was detected from 42 days p.i. in FIV-infected cats.
(*, P < 0.05). (C) Absolute values of peripheral CD8 T lymphocytes in FIV-
infected cats and noninfected control cats demonstrate little variation in CD8 T
cells during the course of infection. Significant differences between the FIV-
infected and noninfected groups were not detected.

croachment of infiltrating lymphocytes into the adjacent cor-
tical tissue became increasingly evident from 56 days p.i.
Marked cortical thymic involution, characterized by severe de-
pletion of cortical thymocytes, was also increasingly evident
beyond 56 days p.i. Cortical involution occurred in an irregular
pattern and, in association with encroachment of lymphocytes
into the cortex, resulted in an increasingly poor distinction
between cortical and medullary zones in the thymus beyond 70
days p.i. (Fig. 3A and B). An almost complete disappearance of
cortical thymocytes was observed beyond 96 days p.i. Medul-
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FIG. 2. Thymus weights from FIV-infected and noninfected control cats.
Thymic atrophy manifested by low thymic weight is consistently present in FIV-
infected cats. (Each bar represents the thymus weight of each animal.)

lary lymphoid follicular hyperplasia developed from 56 days
p.i. Prior to 56 days p.i., lymphoid follicle formation was char-
acterized by small focal aggregates of lymphocytes within the
medulla and adjacent corticomedullary junction. These folli-
cles increased in size from 56 to 84 days p.i. Follicular enlarge-
ment during this period was accompanied by germinal center
formation. During the later stages of the experimental period
(96 to 140 days p.i.), the thymus exhibited multiple highly
misshapen lymphoid follicles which were distinguished from
the thymic parenchyma by an irregular mantle of lymphocytes
(Fig. 3C).

Leukocyte antigen expression in the thymus. The integrity of
the thymic cortex was further evaluated by immunohistologic
examination of CD1, CD4, and CD8 antigen expression. CD1
expression in noninfected control cats was limited to cortical
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thymocytes and medullary dendritic antigen-presenting cells
(Fig. 4A). Both CD4 and CD8 expression was present on
cortical thymocytes in high density, consistent with cortical,
dual-positive (CD4" CD8™") expression. Medullary thymocyte
expression of CD4 and CD8 antigens was relatively sparse,
compatible with single-positive (CD4" CD8~ or CD4~ CD8")
expression on medullary thymocyte subpopulations (Fig. 4C
and D). Flow cytometric analysis demonstrated a continuum of
expression of CD1, CD4, and CDS8 antigens on thymocytes,
ranging from low to intermediate to high density. Age-associ-
ated thymic involution in noninfected control cats was charac-
terized by a decline in high-density CD1 expression and an
increase in intermediate- to low-density CD1 expression. A
similar age-associated decrease in thymocyte CD4 and CDS§
expression occurred.

In the FIV-infected thymus, minimal change was detected
prior to 28 days p.i. by immunohistology. Sequential examina-
tion of thymic tissue at subsequent time points demonstrated
an irregular but progressive pattern of premature CD1 thymo-
cyte loss which corresponded to areas of cortical involution
seen histologically. By 96 days p.i., CD1 expression was con-
fined to single occasional cells within the lobule. Immunohis-
tologic observations were confirmed by flow cytometry (Table
2). Reduced numbers of CD1 thymocytes were detected in
FIV-infected cats from 42 days p.i. (Table 2). A precipitous
decrease in CD1 thymocytes occurred at 56 to 70 days p.i., and
few CD1 thymocytes remained beyond 96 days p.i. Recovery of
CD1 expression in FIV-infected animals was not detected dur-
ing the time course of this study.

Sparse focal B-cell (CD21-CD22) infiltration of the thymic
cortex of FIV-infected cats was observed from 28 days p.i. and
coincided with the thymitis lesion observed histologically.

TABLE 2. Leukocyte antigen expression of the feline thymocyte population®

Cat no.? Days p.i. CD1* CD4* CD8* CD4" CD8~ CD4~ CD8* CD4/CDS ratio CD21* CD22*
94005 C 0 82.66 60.84 16.37 12.28 1.33 <1 <1
95007 C 0 75.68 58.55 14.55 13.20 1.10 <1 <1
95399 C 56 82.99 58.94 11.50 10.74 1.07 <1 <1
95407 C 56 80.65 60.66 11.14 10.46 1.06 <1 <1
5274 C 70 70.44 64.13 15.48 9.48 1.63 <1 <1
95454 C 84 82.71 59.02 11.50 10.67 1.07 <1 <1
95477 C 84 81.99 61.78 12.14 10.34 1.17 <1 <1
5265 C 140 85.44 50.91 15.35 9.58 1.6 <1 <1
5270 C 140 59.92 51.79 14.05 11.76 1.19 <1 <1
95441 C 140 62.94 52.00 14.05 13.65 1.03 <1 <1
95449 C 140 70.76 55.09 13.36 11.81 1.13 <1 <1
94006 14 71.18 56.88 11.70 10.41 1.12 <1 <1
94010 14 79.04 69.21 12.00 8.53 1.40 <1 <1
94011 28 74.69 63.86 8.90*¢ 13.22 0.67* <1 <1
94012 28 71.21 55.70 9.31 11.31 0.82 <1 <1
94008 42 59.22 56.34 10.70 23.94% 0.45 <1 <1
5263 56 43.30* 6.40* 5.53 28.03 0.14 22.58 24.96
5266 56 17.58 6.24 5.56 24.56 0.22 10.9 9.52
5264 70 10.36 11.96 6.57 22.78 0.28 24.14 24.96
5272 70 30.9 28.85 6.14 13.69 0.44 19.02 21.16
5267 84 22.04 12.87 7.81 14.06 0.55 65.06 55.94
5268 84 3.80 4.08 5.29 20.59 0.25 45.18 42.7
5262 96 4.90 1.04 6.68 15.15 0.44 49.82 51.58
5269 96 10.24 6.57 5.85 18.62 0.31 53.78 41.1
5271 140 6.20 6.13 10.65 13.14 0.81 30.7 37.55
5273 140 8.92 7.13 10.88 12.29 0.88 47.07 3222

“ Data are expressed as percentages of the thymocyte population.
b C, age-matched control cat.

¢ x, significant difference (P < 0.05) from noninfected control cats recorded at this and subsequent time points.
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FIG. 3. Histologic lesions of the feline thymus after FIV infection (hematox-
ylin and eosin stain). (A) A distinctive corticomedullary junction (arrowheads)
defines the cortex (C) from the medulla (M) in the thymus of an age-matched
control cat at the day 70 time point. Magnification, X140. (B) Cortical involution
and loss of corticomedullary definition (arrowhead) result in poor distinction
between cortex (C) and medulla (M) in the FIV-infected feline thymus at 56 days
p.i. Magnification, X140. (C) Multiple prominent B-cell follicles (B) with ger-
minal center formation defined by a prominent marginal zone (arrowhead) were
present at 140 days p.i. Magnification, X70.
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However, by flow cytometry, B cells constituted less than 1% of
cells in the thymus of all noninfected control animals through-
out the study and were not detected in FIV-infected cats until
56 days p.i. (Table 2). After 56 days p.i., B cells comprised an
increasing percentage of the thymocyte pool (Table 2). Immu-
nohistology correspondingly demonstrated focal infiltration of
B cells in the cortex and corticomedullary junctions of thymic
lobules. B-cell foci also corresponded to areas of lymphoid
follicular hyperplasia. B-cell follicles were associated with an
extensive follicular dendritic cell network as determined by
CD21 staining. These foci frequently extended from the med-
ullary region to the interlobular septa, resulting in an irregular
dissection of B cells throughout the lobule. In contrast to the
expected distribution of cytokeratin in the thymus (Fig. 4B),
cytokeratin staining revealed considerable distortion and loss
of the epithelial cytokeratin network, which correlated with the
development of expansive B-cell follicles (Fig. 5B and E). By
examining adjacent sections of thymus, the areas of thymitis
and B-cell follicular development could be mapped to areas
where loss of CD1 cortical thymocytes had occurred (Fig. 5A).
Double immunofluorescent staining, which enabled examina-
tion of cytokeratin and CD22 expression simultaneously, dem-
onstrated that the thymic epithelium and B cells were mutually
exclusive populations (Fig. 6B).

Medullary B-cell follicles were infiltrated by CD4 and CD8
cells (Fig. 5C and D). This was increasingly evident after 56
days p.i. Double immunofluorescence demonstrated that CD4
and CDS8 cells, within both the thymic medulla and B-cell
follicles, were of single-positive phenotype (Fig. 6C). Although
both CD4 and CDS8 cells were observed within germinal cen-
ters, CDS cells predominated within the thymic tissue. CD4~
CD8™ cells increased significantly (P < 0.05) from 42 days p.i.
and comprised between 12 and 28% of the thymocyte pool
compared to noninfected control cats, which averaged 11%
CD4~ CD8" cells throughout the study period (Table 2). By
contrast, CD4" CD8~ cells decreased significantly (P < 0.05)
from 28 days p.i. and remained at reduced levels compared to
noninfected control cats, which averaged 15% CD4" CD8~
cells, throughout the study. This variation in CD4 and CDS§
cells at each time point was assessed by using the ratio of
single-positive CD4 to CDS cells in the thymus (Table 2). In
noninfected control cats, the thymic CD4/CDS ratio averaged
1.37. This ratio was significantly decreased (P < 0.05) in all
FIV-infected cats from 28 days p.i. This shift in thymocyte
subsets developed prior to the period in which the peripheral
blood CD4/CDS8 T-cell ratio significantly decreased at 42 days
p.i.

Sorted thymocyte subpopulations. Separation of CD1" frac-
tions in control animals with paramagnetic beads resulted in a
purity of 95 to 99% for CD1™ fractions. In FIV-infected cats,
80 to 88% purity for CD1™ fractions and 88 to 98% purity for
CD1" fractions were achieved during the period from 14 to 42
days p.i. However, after 56 days p.i., separation of CD1" frac-
tions without contamination with CD1™ cells was not achieved
due to the paucity of CD1" cells in infected cats. Separation of
B cells (CD21-CD22) from the thymocyte pool was not per-
formed before 56 days p.i. due to the paucity of B cells at
earlier time points. From 56 to 140 days p.i., B cells were sorted
to 85 to 95% purity.

Proviral burden in sorted thymus subpopulations. Low lev-
els of FIV provirus (<100 copies/ng of DNA) were detected in
the enriched CD1"™ thymocyte population at 28 and 42 days p.i.
However, by 56 days p.i., the proviral burden in CD1™ cells was
dramatically increased to greater than 10,000 proviral copies
per ng of DNA as determined by QC-PCR. The proviral bur-
den remained high (between 100 and 75,000 proviral copies/ug
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FIG. 4. Immunohistology of serial sections of the normal thymus of a noninfected control cat at 84 days of the study (immunoperoxidase and then hematoxylin
counterstain). (A) CD1 MAD (Fel.5F4) staining of a thymic lobule in a noninfected control cat at 84 days of the study demonstrates the expected CD1 expression, which
is limited to cortical thymocytes (C) and sparser antigen-presenting cells in the thymic medulla (M). Magnification, X70. (B) Cytokeratin MAb (5D3) staining
demonstrates the arborizing cortical epithelial network (C). Reduced expression of this antibody on the medullary epithelium (M) facilitates immunohistologic
distinction between cortical and medullary zones of the thymic lobule. Magnification, X70. (C) CD4 MAb (Fel.7B12) staining demonstrates the expected distribution
of CD4, which is present in high density on cortical thymocytes (C), compatible with dual-positive CD4* CD8* thymocyte expression. CD4 expression is sparser on
medullary thymocytes (M), compatible with single-positive CD4* CD8 ™ expression. Magnification, X70. (D) CD8 MAb (Fe1.10E9) staining demonstrates the expected
distribution of CD8, which is present in high density on cortical thymocytes (C) but is sparser on medullary thymocytes (M), compatible with single-positive CD4~ CD8™

expression. Magnification, X70.

of DNA) in the CD1™ population throughout the remainder of
the experimental period (Fig. 7A). By contrast, the proviral
burden in the CD1* population was high (3,600 to 45,000
copies/pg of DNA) at 28 days p.i. and remained high through-
out the sampling period (Fig. 7B). Provirus was detected in the
enriched B-cell population from 56 days p.i. but was less than
10 copies/pg of DNA. However, by 70 days p.i., proviral levels
in B cells were similar to that observed in the T-cell subsets.
Exceptions were observed at 84 days p.i., when no proviral
DNA was detected in B cells by seminested PCR in one ani-
mal, and at 140 days p.i., when less than 10 proviral copies/pg
of DNA were measured in one of two animals tested (Fig. 7C).

RT-PCR for FIV RNA was also performed on enriched
thymocyte subpopulations. Quantitation was not possible due
to limited amounts of RNA available from sorted populations.
Viral RNA was detected in the CD1™ population in all provi-
rus-positive cats. Viral RNA was also detected in 12 of 13 cats
and 8 of 9 cats for CD1' thymocytes and B cells, respectively.
No uninoculated control animals were positive for FIV provi-

rus or RNA, and all sorted samples with undetectable provirus
were also negative for viral RNA.

DISCUSSION

The progression of thymic lesions associated with acute FIV
infection in juvenile cats was examined over a period of 140
days. We demonstrated that the thymus is a major target organ
for viral infection and replication during the acute stage of
infection. Severe structural lesions and thymocyte subset alter-
ations indicated that FIV infection reduced the ability of the
thymus to replenish the peripheral T-cell pool. This likely
contributes to peripheral T-cell lymphocytopenia, which devel-
ops in FIV-infected cats.

Significant pathologic and immunopathologic changes, char-
acterized by thymic atrophy and B-cell follicular hyperplasia,
were demonstrated in young cats in the acute stage of exper-
imental FIV infection. These changes appeared permanent, as
there was no evidence of thymic regeneration during the sub-
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sequent asymptomatic stage of infection. Thymic atrophy,
manifested by premature and persistent cortical involution,
was evident histologically and quantitatively between 42 and 56
days p.i. and was essentially complete by 96 days p.i. This
profound loss of cortical thymocytes in acute FIV infection is
similar to findings in naturally occurring neonatal HIV-1 in-
fection, for which thymic involution and selective depletion of
CD4* CD8" and CD4" CDS8~ thymocytes have been de-

FIG. 5. Immunohistology of serial sections of the thymic lesion in FIV in-
fection at 84 days p.i. (immunoperoxidase and then hematoxylin counterstain).
(A) CD1 MAD (Fel.5F4) staining of the FIV-infected thymus at 84 days p.i.
demonstrates marked focal loss of cortical thymocytes in two adjacent thymic
lobules, primarily involving the cortex adjacent to the interlobular septa. In the
remaining cortical CD1 areas, there is reduced density of CD1 thymocytes
(arrowheads). Magnification, X70. (B) Cytokeratin MAb (5D3) staining dem-
onstrates disruption and loss of the thymic epithelium (the arrowhead indicates
a good example) associated with areas of B-cell follicle formation (shown in
panel E). Magnification, X70. (C) CD4 MAD (Fel.7B12) staining demonstrates
reduced density of CD4 cells (arrowheads) in the remnants of thymic cortex as
defined by CD1 (shown in panel A). CD4 cells are also present in the area which
corresponds to the B-cell follicle. Magnification, X70. (D) CD8 MADb (Fel.10E9)
staining demonstrates a high density of CD8 cells, relative to CD4 cells, in similar
areas of the thymic cortex (arrowheads). CD8 cells are also present in the area
which corresponds to the B-cell follicle. Magnification, X70. (E) CD21 MAb
(Fe2.8F9) staining demonstrates B-cell follicle formation involving the thymic
cortex at the interlobular septa. Magnification, X70.

scribed previously (26). The host response to FIV infection
also included interlobular thymitis and B-cell follicular hyper-
plasia with prominent germinal center formation, which con-
tributed to the distortion of the thymic architecture. This pat-
tern of inflammation and progression of thymic lesions is
similar to that previously described for acute retroviral infec-
tion in humans with HIV-1 (3), macaques with SIV (15), and
mice infected with the murine AIDS virus, RadLV-Rs (5).
Although B-cell follicular development has not been quanti-
fied in humans or macaques, murine AIDS studies demon-
strated marked cortical thymocyte depletion of CD4" CD8"



VoL. 71, 1997

FIG. 6. Double-label immunofluorescent staining of the feline thymus. (A)
CD4 MAD (FITC) and CD8 MAD (Texas red) dual staining of the feline thymus
in a noninfected control cat at the 70-day time point. The corticomedullary
junction is demarcated by the variation in staining. Dual-positive (CD4™ CD8™)
cortical thymocytes (C) appear yellow. Single-positive medullary thymocytes (M)
appear either green (CD4) or red (CD8). Magnification, X140. (B) CD22 MAb
(FITC) and cytokeratin MAb (Texas red) dual staining of the FIV-infected
thymus at 56 days p.i. demonstrates marked lobular architectural distortion due
to epithelial disruption and loss (red). Areas of epithelial loss correspond to
B-cell domains (B) (green), which extend irregularly through the thymic lobule.
Magnification, X35. (C) CD4 MAb (FITC) and CD8 MAD (Texas red) dual
staining of a B-cell area in an FIV-infected thymus at 70 days p.i. The poorly
stained area represents a B-cell follicle (B) in the thymic medulla. Dual-positive
(CD4-CDS8) cortical thymocytes (C) appear yellow. A predominance of single-
positive CD8 (red) cells is present within the germinal center and surrounds the
B-cell follicle (arrowheads). Fewer single-positive CD4 (green) cells are present
in the germinal center. Magnification, X70.
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FIG. 7. Quantitated FIV DNA in thymocyte subpopulations in FIV-infected
cats at each time point (each bar represents the quantitated viral load in one
animal). (A) QC-PCR of CD1" thymocytes. Low levels of virus within cortical
thymocytes were detected as early as 28 days p.i. A marked increase in viral load
occurred at 56 days p.i., coinciding with the period of marked inflammation
within the thymus. The viral load was maintained at increased levels thereafter
throughout the study. (B) QC-PCR of CD1!° thymocytes. Higher levels of pro-
virus were present as early as 28 days p.i. in three cats which exhibited thymitis.
The viral load was maintained at increased levels throughout the study. (C)
QC-PCR of B cells within the thymus. Viral infection of CD21 and CD22 B cells
was detected at low levels at 56 days p.i. but was present at increased levels
thereafter.

cells and a progressive increase in B cells (5). The structural
changes noted in the present study would suggest that thymic
function is compromised.

The effect of FIV infection on thymocyte maturation events
was also assessed by examination of CD4 and CD8 expression
on CD1™ and CD1' thymocyte subsets. Adequate numbers of
cortical, immature CD1" thymocytes (with dual expression of
CD4 and CDS) were detected prior to 56 days p.i. However,
during this period, the mature CD1' population had de-
creased numbers of CD4" CD8™ cells from 28 days p.i. and
increased numbers of CD4~ CD8™" cells after 42 days p.i. This
would suggest that preferential differentiation of single-posi-
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tive CDS8 cells, or a preferential cytopathic effect on single-
positive CD4 cells, occurred prior to 56 days p.i. However,
after 56 days p.i., analysis of T-cell maturation events was
confounded by the inflammatory response within the thymus,
which was increasingly evident after this time point. After 56
days p.i., the increased number of CDS8 cells which lacked CD1
expression, in the face of cortical atrophy, suggests that this
marked increase in CD8 cells is primarily associated with in-
filtrating peripheral T cells rather than maturing medullary
thymocytes. The increase in the numbers of CD8 T cells as a
component of an inflammatory response was also suggested by
immunohistology in which single-positive CDS8 cells and few
CD4 T cells were associated with B-cell follicles within the
thymus.

Assessment of the viral load in the sorted thymocyte sub-
populations was also performed to determine specific cellular
lymphoid targets in the thymus. The viral DNA burden varied
markedly between cortical CD1™ and medullary CD1' sub-
populations prior to 56 days p.i. Cortical thymocytes exhibited
low levels of viral infection until 56 days p.i. The dramatic
increase in the viral load in this fraction after 56 days coincided
with the onset of marked thymic inflammation. This suggests
that infiltrating inflammatory cells facilitated infection of im-
mature, cortical CD1™ thymocytes. Contamination of this
CD1" population with CD1' cells may partly account for the
increased proviral burden that was detected. However, the
increased proviral burden in this population could not be at-
tributed solely to contaminating cells. Evidence to support viral
infection of the CD1™ subpopulation, despite low purity of
enrichment, was observed in three cats in which the proviral
burden of the CD1™ population was increased in comparison
with the proviral burden in the corresponding CD1' popula-
tion. By contrast, the increased proviral burden detected in
CD1" fractions from 28 days p.i. and throughout the study
suggests that this population was an early and preferential
target cell of infection. However, it could not be determined
whether the infected CD1" fraction represented inflammatory
cells or mature, medullary thymocytes due to lack of distin-
guishing feline leukocyte markers. Provirus was also detected,
albeit at low levels, in the B-cell fraction at 56 days p.i. The
subsequent increase in the B-cell proviral burden, after 70 days
p.i., developed during the period in which increasing follicle
size and germinal center formation occurred. This suggests
that enhanced activation or proliferation of B cells promoted
the increased proviral burden. FIV infection of feline B cells
has previously been demonstrated in both peripheral blood (8,
11) and mesenteric lymph nodes (8). As in the present study,
these studies both describe an increase in the B-cell proviral
burden as infection becomes chronic. Provirus was therefore
detected in all thymocyte subpopulations. However, the provi-
ral levels detected in the CD1™ population in the present study
demonstrated that immature feline thymocytes were permis-
sive for viral infection. This finding is similar to both in vitro (4,
9, 28) and in vivo (4, 6, 27) studies of pediatric HIV-1 infection
in humans.

Morphologic alterations, altered thymocyte antigen expres-
sion, and productive viral infection suggest that thymic func-
tion and therefore thymocyte maturation were severely im-
paired. As thymic changes were detected from 28 days p.i., the
ability of the thymus to replenish the peripheral T-cell pool
from this time point is in question. As these changes appear
permanent, it is proposed that depletion of the peripheral
T-cell pool, which continues throughout the asymptomatic pe-
riod of infection, can no longer be ameliorated by thymocyte
maturation and export of these cells to the peripheral tissues.
These conclusions are supported by studies which examine
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peripheral T-cell depletion in HIV-1 infection by using de-
creasing telomeric length of peripheral blood T cells as an
indication of the replicative history of mature peripheral T-cell
subpopulations (21, 29). During the asymptomatic phase of
infection, the telomeric length of CD4 T cells was not de-
creased as expected. It is hypothesized that CD4 T-cell deple-
tion in HIV-1 infection may therefore be associated with fail-
ure of T-cell regeneration rather than increased cell turnover
(29). However, CD4 T-cell telomeric length decreases in more
advanced stages of immunodeficiency (24). Taken together,
these studies indicate that the fate and population dynamics of
peripheral T cells at different stages of HIV-1 infection have
yet to be fully explored.

The morphologic similarities between thymic lesions associ-
ated with FIV infection in juvenile cats and those reported for
pediatric AIDS patients suggest that FIV is a good model of
this aspect of HIV disease. Characterization of events that
occur in FIV infection of juvenile cats will enable future stud-
ies to examine thymotrophic therapeutic approaches designed
to inhibit thymic alterations and promote thymocyte matura-
tion.
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